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ABSTRACT

Diatoms are unicellular, eukaryotic, photosynthetic algae responsible for the
production of 20% of our atmospheric oxygen. Diatoms contribute to several important
biogeochemical functions. Diatoms contribute to the carbon cycle, sequestering carbon and
forming oxygen as a product of photosynthesis. Moreover, by converting abiotic forms of energy
such as sunlight into organic compounds (i.e., sugars, starches and lipids), primary producers
including diatoms, plants, and phytoplankton feed organisms at higher trophic levels.
Consequently, changes in temperature, light intensity, nutrients, salinity and other stress factors
that affect primary producers can generate a potentially catastrophic ripple effect at higher
trophic levels In this study I quantified the impact of increased surface-water temperatures on the
population growth and photosynthetic ability of an abundant marine diatom, Thalassiosira
pseudonana. To test the effects of temperature on population growth, T. pseudonana, cultures
were standardized to 0.005 OD600 and incubated at eight different temperatures from 14ºC to
28ºC. To test the effect of temperature on population growth and gene expression, T. pseudonana
cultures were standardized and incubated at four temperatures from 14ºC to 26ºC. I show that
population growth and gene expression for carbon fixation in the marine diatom, T. pseudonana,
increased with temperature. I conclude that T. pseudonana is capable of adjusting its
reproductive and photosynthetic ability within the predicted increases in global temperature over
the next century.
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CHAPTER ONE: INTRODUCTION

Diatoms are fascinating, unicellular, eukaryotic, photosynthetic algae responsible for the
production of 20% of our atmospheric oxygen (Armbrust et al., 2004, Lueng 2017, Round et al.,
1990). Known as the “jewels of the sea,” the diatom’s silica shell (i.e., a cell wall or frustule) (De
Tommasi et al., 2017, Gibaud et al., 2019) is as diverse in complexity across species as are
snowflakes. Composed of two overlapping valves (i.e., thecae) held together with girdle bands of
silica, a diatom’s external protective shell is impervious to most predators. At the same time, the
external shell creates difficulties in nutrient uptake, motility, and photosynthesis. Diatoms have
addressed these difficulties via adaptive perforation patterns in the shell that provide protection
from predation and still allow nutrient exchange, motility (i.e., control of sinking rates) and
efficient access to sunlight.
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Figure 1.1: Shells of diatom species.

The innovative design of the multi-functional, species-specific cell wall (Fig. 1.1) is
responsible for the abundance of diatoms throughout Earth’s seas and oceans (Wu et al., 2012,
Adelfi et al., 2014). The vast majority (~95%) of silicon used by diatoms to construct their cell
wall is silicic acid Si(OH)4 (Treguer et al., 1995). Silicic acid makes its way into the ocean via
three pathways: (1) chemical weathering of sedimentary rocks, crystalline rocks, silicate and
aluminosilicate minerals; (2) wind erosion in deserts (i.e., Eolian winds); and (3) net transfer of
dissolved silica from the lithosphere to the hydrosphere via mid-ocean ridges and basalts of
oceanic crust (Conley 2002, Treguer et al., 1995). In addition to its major role in the formation of
diatom cell walls, silicon is part of a biogeochemical cycle (Conley 2002). Silicic acid taken up
by diatoms is recycled back into the environment in the form of deceased diatom shells that settle
to the ocean’s floor, creating layers of marine sediment (Treguer et al., 1995).
2

Distribution, Ecology, & Importance
Diatoms contribute to several important biogeochemical functions: the carbon cycle,
sequestering carbon, and forming oxygen as a product of photosynthesis. As a primary producer
of oxygen, diatoms store carbon in the ocean sediment as detritus, and are bottom-up regulators,
sustaining ecosystems through atmospheric carbon-fixation processes (Menge et al., 1999,
Burtness et al., 2001, Armbrust et al., 2004, Burkepile & Hay 2006). By converting abiotic
forms of energy such as sunlight into organic compounds (i.e., sugars, starches and lipids),
primary producers including diatoms, plants, and phytoplankton feed organisms at higher trophic
levels. Consequently, changes in temperature, light intensity, nutrients, salinity and other stress
factors that affect primary producers can generate a potentially catastrophic ripple effect at
higher trophic levels (Nielson & Navarrete 2004, Burkepile & Hay 2006, Pernet et al., 2012,
Everaert et al., 2016).
Diatoms are found in all marine and freshwater systems (Armbrust et al., 2004, Wu et al.,
2012, Adelfi et al., 2014) and are located in the upper range of the water column, commonly
referred to as the euphotic zone (Letlier 2019). All photosynthetic organisms reside in this light
intense euphotic zone, an area rich in sunlight and dissolved atmospheric carbon dioxide (CO 2).
The euphotic zone provides light for photosynthesis; however, nutrients and carbon dioxide
require input from outside sources: (1) atmospheric carbon dioxide dissolves into the ocean via
the carbon cycle and (2) cool dense nutrient-rich water is brought up to the euphotic zone via
upwelling. Altogether, diatoms are responsible for approximately 20% of global atmospheric
oxygen production (i.e., primary production), approximately 35% of oxygen production in
oligotrophic water, and approximately 75% of oxygen production in coastal zones and other
nutrient-rich systems (Nelson et al., 1995, Field et al., 1998, Falkowski 2012).
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Nutrient Cycling
Nutrients are replenished in the euphotic zone via upwelling, a process driven by wind, the
Coriolis effect, and Ekman transport. The Coriolis effect is responsible for deflecting wind
currents due to the rotation of the Earth (Kundu 1976, Menge et al., 1999). If not for the Earth’s
rotation, winds would travel in straight paths. The Coriolis effect drives the movement of water,
resulting in Ekman transport, a phenomenon in which water travels at 90º to the wind direction.
This results in the ability of cooler, denser water to travel upward in coastal regions, known as
upwelling. Upwelling allows for warm nutrient-depleted water to be driven along the shoreline
by prevailing winds while cool nutrient-rich water in the lower column is driven upward by wind
and underlying currents perpendicular to the prevailing wind, which acts to replace the warmer
water that has been driven offshore. The cold nutrient-rich waters, necessary for coastal
upwelling, are comparable to a cold, deep-water river flowing through the world’s seas and
oceans by the global conveyor belt in a process known as thermohaline circulation (Schmitz Jr &
McCartney 1993, Clark et al., 2002, Vellinga & Wood 2002). This deep-water, thermohalinedriven conveyor belt transports marine nutrients around the globe. Warmer nutrient-rich waters
in regions such as the Gulf of Mexico travel northwards to the poles, where it is cooled, causing
it to become denser, as it contacts the ice around the poles. Cooler, denser nutrient-rich water
then sinks to the bottom of the poler water columns. These cool, dense, nutrient-rich deep-water
rivers leave the poles via the thermohaline conveyor belt and deliver their nutrients and energy to
coastal regions. Thermohaline circulation system is responsible for replenishing nutrients to
coastal regions, allowing for surface-dwelling, diatoms and other primary producers to thrive. In
total, coastal regions where primary producers thrive support trophic species throughout marine
and fresh-water ecosystems.
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The highly productive coastal regions support economically valuable commercial
fisheries that, in turn, support global human communities. For example, the fisheries of
Navakaju, Fiji are valued at more than $1.7 million per year (Santos et al., 2017, Lau et al.,
2019). More than 90% of the population living in coastal communities in the Solomon Islands is
supported by fisheries. The susceptibility of coastal fisheries to climate change (Allison et al.,
2009) and the need to protect these areas is paramount. Environmental perturbations can cause
swift changes in ecosystem structure, especially affecting primary producers (Thompson 1999,
Saros & Anderson 2015, Wang et al., 2018). Coastal ecosystems, dominated by and supported
by primary producers, are subject to devastating consequences, such as harmful algal blooms
caused by an increase in anthropogenic sources of nitrogen and phosphate from sewage
discharge and agricultural fertilizer runoff (Wu, Wo & Chiu 2012, Xue et al., 2018). In a ripple
effect, these harmful algal blooms caused by increased cyanobacteria growth that results in an
initial surplus in dissolved oxygen, which is depleted by decomposers in the sediment who break
down the cyanobacteria remains after they die. This mass decomposition of cyanobacteria
creates what is known as hypoxia in which oxygen levels fall below 2.8 mg O2/L. Hypoxic
environments are responsible for the death of organisms at higher trophic levels including
massive fish kills.
Carbon Cycle
Light from the euphotic zone, dissolved atmospheric carbon dioxide and nutrients supplied from
coastal upwelling provide the ingredients necessary for diatoms to thrive. However, the
chloroplasts within the diatoms themselves are essential for converting those raw ingredients into
energy (ATP) and nutrients (carbon-based sugar, starch and lipids) (Wang et al., 2018).
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Carbon is essential to all life forms and can be found throughout the planet. However, the
carbon that is found in the atmosphere follows one of two pathways: carbon either resides in the
atmosphere; or is absorbed by the ocean (Wigley 1983, Bolin & Doos 1989). In the first
pathway, carbon that remains in the atmosphere as carbon dioxide (CO 2) acts as a greenhouse
gas and plays an important role in regulating the Earth’s temperature through the greenhouse
effect. The greenhouse effect results from greenhouse gases such as water vapor, carbon dioxide,
or methane, which reflect light from the sun back to the surface of the earth resulting in a
warming effect (Bolin & Doos 1989, Letcher 2019).
In the second pathway, atmospheric carbon dioxide that dissolves into the ocean serves
several important functions: (1) CO2 combines with water molecules (H2O) to create carbonic
acid (H2CO3); (2) CO2 is absorbed by primary producers to synthesize organic carbon molecules
via carbon fixation; (3) CO2 is absorbed by organisms that use it to create calcium carbonate
(CaCO3) shells; and (4) CO2 is incorporated into sediment deposits composed of detritus and
other organic materials (Wigley 1983, Sabine et al., 2004, Porzio et al., 2011, Branch et al.,
2013, Yuan et al., 2018, Letcher 2019,).
The formation and subsequent dissociation of carbonic acid (H2CO3) is an essential
equilibrium that maintains the ocean’s pH system (Sabine et al., 2004, Letcher 2019). The ocean
acts as a carbon sink, absorbing up to 440 gigatons (Gt) of CO2 within the last 200 years. Carbon
absorbed by the ocean plays a crucial part in the maintenance of the ocean’s pH system.
Carbonic acid dissociates to produce one hydrogen ion (H+) and one bicarbonate molecule
(HCO3-), which can potentially dissociate further to produce a second hydrogen ion (H +) and a
second carbonate molecule (CO32-). The resulting hydrogen ions (H+) that are released, lower the
overall pH of the ocean, a process called ocean acidification (Biswas et al., 2017). The ocean’s
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pH range is typically slightly basic (>7), allowing it to support a wide range of marine
organisms.
Diatoms and other marine primary producers require dissolved atmospheric CO 2 to
produce carbohydrates and lipids (Reinfelder et al., 2000). CO2 is used in the Calvin cycle where
several enzymes including ribulose-1,5-bisphosphate-carboxylase (RuBisCo) phosphorylate and
combine CO2 molecules to create a single carbohydrate. The resulting carbohydrate serves as a
fuel source for the organism. In contrast, the energy used to fuel the production of carbohydrates
and lipids is derived from light-dependent reactions within the diatom’s organelle, the
chloroplast.
Animals such as coral and mollusks require carbonate ions along with calcium to create
their calcium-carbonate skeletons and shells (Doney 2006). These organisms are uniquely
affected by ocean acidification because they require a slightly alkaline environment to prevent
their calcium-carbonate shells from dissolving. Other calcifying organisms such as mollusks and
crustaceans produce aragonite and magnesium calcite shells respectively, which dissolve more
readily in acidic environments and thus are at a higher risk to starvation or predation.
Detritus and organisms that die settle to the bottom and accumulate as part of the layers
of ocean sediment (Canfield 1994). After millions of years of pressure and heat, these sediment
layers form oil or coal deposits. The harvesting of these deposits is responsible in part for the
inventions and advancements that brought about the thunderous eruption of the industrial
revolution, which initiated the unsustainable growth of human populations (Williams 2008).
Photosynthesis
Photosynthetic organisms including diatoms require a photosynthetic flexibility to be able to
acclimate to constantly changing light levels in the water column (Keren et al., 1997, Kroeker et
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al., 2010). Without this flexibility diatoms would succumb to photo-inhibition. Photo-inhibition
occurs when the net photosynthetic capacity of an organism decreases due to an inability to
repair or replace photosystem protein subunits. This phenomenon occurs when electron transfer
between Quinone A and B is blocked, which can occur from either too little or excess light
intensity. The inability to transfer excited electrons from P680 causes a radical to form, resulting
in the formation of radical oxygen species. The radical oxygen species further diminish the
function of P680 leading to the need to replace / repair the photosystem subunit. Falkoski et al.,
(1978) conducted a study of six diatom species, finding that each species has a unique maximum
light intensity; once this intensity is surpassed net photosynthesis declines. Marra (1978) built
upon these findings by demonstrating that light intensity changes induce changes in net
photosynthesis in the diatom Lauderia borealis.
With the exception of cyanobacteria, diatoms and other photosynthetic organisms contain
an organelle, the chloroplast, which is responsible for carbon fixation (Guillard et al., 1975,
Conley 2002, Adelfi et al., 2014, Letcher 2019). Chloroplasts are composed of thylakoids,
membrane bound sacks, denoted as granum when stacked, which are responsible for the light
dependent reactions of the Calvin Cycle (Wu et al., 2012). There are three main enzymes
involved in the light-dependent reactions: Photosystem II (PSII); Photosystem I (PSI); and ATP
Synthase. The first enzyme, Photosystem II, consists of 18 subunits: psbA – psbF, psbH – psbL,
psbN, psbT, psbV, psbX, psbY, psbZ, and psb28 (Adelfi et al., 2014). PsbA (D1) and psbD (D2)
make up the reaction core complex that is responsible for providing electrons (e-) for the
Electron Transport Chain (ETC) (Kundu 1976, Mock & Medlin 2012, Lau et al., 2019).
Photosystem II is responsible for hydrolyzing water molecules to yield Hydrogen ions (H+),
which are pumped inside the thylakoid membrane creating a proton gradient (De Tommasi et al.,
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2017). Upon excitation of Photosystem II, the electrons expelled by the chlorophyll dimer (p680)
in the reaction core complex are carried down the ETC via cytochromes to Photosystem I. The
second process, Photosystem I, consists of 10 subunits: psaA – psaF, psaI – psaJ, psaL, and
psaM (Adelfi et al., 2014). PsaA and psaB make up the reaction core complex that is responsible
for providing electrons to replace those provided to PSI from PSII (De Tommasi et al., 1995).
The electrons donated from Photosystem I are essential to carbon fixation. In the third enzyme,
ATP Synthase, the proton gradient is harnessed to phosphorylate Adenosine Diphosphate (ADP)
into Adenosine Triphosphate (ATP), which is the energy source that fuels carbon fixation.
Chlorophyll Pigments
Photosystems I and II are both protein-pigment complexes that are surrounded by lightharvesting complexes (LHC’s). In diatoms, light-harvesting complexes are also known as
fucoxanthin-chlorophyll proteins (FCP’s) (Büchel 2019). These complexes contain pigment
molecules such as: chlorophyll a, chlorophyll b and lutein in plants, while diatoms consist of
chlorophyll a, chlorophyll c, and fucoxanthin (Table 1). These pigments along with carotenoids
are responsible for harvesting light for the thylakoid membrane bound photosystems.
Chlorophyll pigments are essential in converting light energy into chemical energy as well as
indirectly measuring biomass in food webs (Aminot & Rey 2000). Several chlorophyll pigment
variants are found in nature (Table 1.1). Chlorophyll pigments exhibit two ranges of absorption:
blue (< 460 nm); and red (630 nm – 670 nm). Chlorophyll pigments are housed within a
magnesium porphyrin ring coordinating complex, whose structure is highly conserved in
photosynthetic organisms (Aminot & Rey 2000, Kuczynska et al., 2015).
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Table 1.1: Distribution of Chlorophyll Pigments (Aminot & Rey 2000).
Pigment
Chlorophyll a

Chemical Composition
C55H72O5N4Mg

Occurrence
Universal

Chlorophyll b

C55H70O6N4Mg

Predominantly Plants

Chlorophyll c1

C35H30O5N4Mg

Various Algae

Chlorophyll c2

C35H28O5N4Mg

Various Algae

Chlorophyll d

C54H70O6N4Mg

Cyanobacteria

Chlorophyll f

C55H70O6N4Mg

Cyanobacteria

Chlorophyll a pigment is used as an indicator in diatom species, allowing for indirect
measures of biomass (Thompson 1999, Aminot & Rey 2000, Kuczynska et al., 2015). Diatoms
are known to regulate chlorophyll pigment production in response to environmental changes.
Pigment regulation is potentially controlled by light conditions, nutrient availability, and heavy
metal concentrations and does not require changes in gene expression. Diatoms exhibit the
ability to repair damaged photosystem subunits by removal of the photo-inhibited subunit (Keren
et al., 1997, Wu et al., 2012, Wu, Wo & Chiu 2012). The ability to repair photosystem subunits
and the ability to regulate pigment production allows diatoms to quickly increase photosynthetic
efficiency in response to sudden environmental changes.
Carbon Fixation
Carbon fixation, which occurs within the stroma of the chloroplast, requires three enzymes:
Ribulose-1,5-bisphosphate-carboxylase (RuBisCo); Phosphoglycerate kinase (PGK); and
Glyceraldehyde-3-phosphate-dehydrogense (GAPDH). Carbon fixation also requires two
products from the light dependent reactions: Nicotinamide Adenine Dinucleotide Phosphate
(NADPH) and ATP. The carbon-fixation cycle consists of three distinct steps. The first step is
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the carboxylation of ribulose-1,5-bisphosphate (RuBP) by first adding a CO2 molecule to the
carbon chain, which subsequently dissociates into two identical 3-phosphoglycerate molecules
(3-PGA). In the second step, phosphoglycerate kinase adds a phosphate group (PO4-) to the two
3-PGA molecules via cleavage of two ATP molecules creating two 1,3-bisphosphoglycerate
(1,3-BPGA). In the third step, GAPDH oxidizes two NADPH molecules, which creates two
NADP+ ions used to reduce two 1,3-BPGA molecules to create two glyceraldehyde-3-phosphate
(G3P) molecules (De Tommasi et al., 2017). The cycle requires six full rotations to create a
single sugar molecule and to replenish the three RuBP molecules required for each rotation.
RuBisCo is activated by an enzyme called rubisco activase, which keeps the Rubisco
enzyme functional and prevents the formation of RuBisco-RuBP complexes (DemirevskaKepova & Feller 2004). Without the presence of rubisco activase, RuBP will bind to the
activated Rubisco site and prevent carbon fixation. The formation of Rubisco-RuBP complexes
is referred to as “fallover” (Robinson & Portis Jr 1989).
Climate Change
Since before the Industrial Revolution, atmospheric CO2 has nearly doubled from 280 ppm to
409 ppm (Wigley 1983, ProOxygen 2021). Atmospheric CO2 causes two very important
changes. First, CO2 that remains in the atmosphere acts as a greenhouse gas, which feeds a
positive feedback cycle that increases global temperatures (Letcher 2019). Second, CO2 that is
absorbed by the ocean feeds the bicarbonate buffer system, lowering ocean pH, resulting in
ocean acidification (Yuan et al., 2018). During the past century, more than one third of
atmospheric CO2 has been absorbed by the ocean (Sabine et al., 2004). Environmental factors,
temperature and pH, amplify each another causing greater impacts on diatoms than each would
have individually (Koch et al., 2013, Gao et al., 2018). It is reasonable to ask what impact will
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this continuing change in climate have on diatoms and other primary producers? How will these
organisms respond to warming surface temperatures and what effect will worsening ocean
acidification have on their ability to sequester carbon dioxide from the water column?
In addition, increased global temperatures are melting glacial ice caps, causing freshwater
to flush into the global thermohaline-driven conveyor belt (Clark et al., 2002). The potential
consequences of this influx of freshwater is the dilution of dense nutrient rich water. Without
dense sea water within which to trap nutrients and detritus, the conveyor belts will slow or stall,
decreasing the volume of nutrients that replenish coastal regions fed by thermohaline circulation.
The effects of increased atmospheric CO2 on the oceans and organisms is not well
understood, partially due to the difficulty of conducting long term CO2 studies (Branch et al.,
2013). Porzio et al., (2011) found negative effects on calcium-dependent organisms when pH
levels decreased. A decrease in pH levels from 8.1 to 7.8, caused a 5% decrease in species
richness of the 101 macroalgal species studied. The missing species were calcium-dependent
organisms, those with calcium-carbonate shells or skeletons and those that used coral structures
as protection and cover. When pH dropped to 6.7, a 72% decrease in species richness occurred.
Calcium-dependent species were completely absence from the 101 macroalgal species studied.
These negative effects on calcium dependent marine organisms is reinforced by several other
studies (Kroeker et al., 2010, Branch et al., 2013, Koch et al., 2013). The lower pH levels impair
marine animals including reef fish senses, a symptom that could also potentially affect
commercially important fish.
Atmospheric CO2 plays an important role not only in the carbonate buffer system of the
oceans, but also in global climate. Accumulation of CO2 in the atmosphere causes global
temperatures to rise over time due to its role as a greenhouse gas (Letcher 2019). Global
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warming is a widely researched phenomenon, mainly because of the role that anthropogenic
carbon emissions play in the projected warming trends. Current projections indicate that global
average temperatures will increase 1ºC – 7ºC by 2100 (Change, I.P.C.C., 2007). Thalassiosira
pseudoanana (Fig. 1.2) is a globally abundant centric marine diatom, making it an ideal
organism for diatom physiology studies. It has been found in waters ranging from 10 – 30ºC,
making it a eurythermal species. The isolate used in this study: T. pseudonana CCMP 1335 was
isolated off the coast of Moriches Bay (Long Island, New York) in 1958 and has been
maintained at 14ºC. T. pseudonana was the first diatom to have their entire genome sequenced
(3).

Figure 1.2: Electron microscope of Thalassiosira pseudonana.
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Study Objectives
Despite the abundance of research regarding heat shock treatments, there is a knowledge gap
concerning the effect of long-term exposure to increased environmental temperatures and diatom
population growth rates. It is important to understand the long-term consequences of increasing
temperatures at the surface of the oceans, specifically in regard to primary producers, the
diatoms. The importance of primary producers to carbon fixation, oxygen production, trophic
webs, and coastal fisheries supports the critical need to understand diatom productivity when
temperatures increase. Branch et al., (2012) states that the effect of global warming on primary
productivity is difficult to predict—there will be winners and losers. The death of these losers of
increased water temperatures will likely result in food web shifts and possible ecosystem
collapse.
The goals of this study were two-fold. First, to quantify the effect of increased water
temperatures on the population growth of the marine diatom, T. pseudonana. Second, to quantify
the effect of increased water temperatures on the photosynthetic ability of T. pseudonana. My
working hypotheses for this study are: (1) Increasing the culture temperature for the marine
diatom T. pseudonana will increase population growth. (2) Increasing the culture temperature
for the marine diatom T. pseudonana will increase carbon fixation via photosynthesis.
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CHAPTER TWO: METHODS

Experiment I: Experimental design for population growth by temperature
Independent variable: To test the effects of temperature on population growth of the
marine diatom, T. pseudonana, cultures were standardized to 0.005 OD600 and incubated at eight
different temperatures: 14ºC (control), 16ºC, 18ºC, 20ºC, 22ºC, 24ºC, 26ºC, and 28ºC. The range
of higher temperatures was chosen based on the estimated range of future global warming, which
projected global ocean temperature increases of 1ºC – 7ºC by 2100 (Change, I.P.C.C., 2007,
Gao, Shi, Xu, Campbell & Wu 2018, Yuan et al., 2018). Projections were calculated from
models using average daily means (daily max + daily min/2). Diatoms were incubated for 48
hours at each treatment temperature.
Dependent variable: I used three methods to quantify population growth of T.
pseudonana: turbidity, a measure of culture cloudiness compared to sterile f/2 media solution,
chlorophyll a concentration, and DNA concentration.
Flask replicates: I replicated the population growth of the marine diatom, T. pseudonana
three times at each of the eight temperature treatments (temperature replicate). Ten flasks were
placed in the incubator: five flasks on the top shelf, and five flasks on the bottom shelf.
Samples: Five samples were aseptically removed from each flask with a Gibson P1000
micropipette and aliquoted into sterile 0.6 mL microcentrifuge tubes. Two samples were required
for the turbidity measure (one before incubation and one after incubation). Two samples were
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required for the chlorophyll a measure. One sample was required for the DNA concentration
measure.
Experimental design: The experimental design was as follows: 8 temperature treatments
x 3 measures of population growth x 3 replicates per temperature x 5 flasks x 2 shelves per
incubator x 5 samples per flask = 3,600 data units. My null hypotheses to account for
confounding factors were as follows: (1) Replicating cultured flasks of the marine diatom, T.
pseudonana at the same temperature in the same incubator on three different dates will have no
significant effect on population growth as measured by chlorophyll a concentration, DNA
concentration, and turbidity (optical density). (2) Culturing flasks of T. pseudonana on two
different incubator shelves (top vs bottom) will have no significant effect on T. pseudonana
population growth as measured by chlorophyll a concentration, DNA concentration, and
turbidity (optical density). (3) Chlorophyll extraction method (vortex and sonication) for
measuring chlorophyll a concentration will not differ. (4) The nanodrop and spectrophotometer
methods for measuring turbidity (optical density) of T. pseudonana cultured will be correlated.
(5) Flask positions within the same incubator at which the marine diatom, T, pseudonana is
cultured will have no significant effect on population growth as measured by chlorophyll a
concentration, DNA concentration, and turbidity (optical density.

Experiment I: Processing samples for population growth by temperature
Turbidity: To measure turbidity using the nanodrop method, two samples of 100 µL were
taken from each flask: one before incubation and one after the 48-hour incubation period.
Samples were analyzed using a Thermo Scientific Nanodrop 2000 Spectrophotometer to measure
growth via Optical Density readings at 600 nm. The OD600 readings reflect a ratio between the
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reading at 600 nm and a sterile stock (f/2 media) reading at 600 nm, which were blanked inbetween samples to ensure consistency. Each sample (2 𝜇L each) was measured ten times,
allowing for a sample mean to be calculated for each of the eight treatment flasks for analysis.
Chlorophyll Pigment Sample Processing: After 48 hours of incubation, a 10 mL sample
was aseptically removed and aliquoted into a 250 mL beaker that was acid washed to ensure the
absence of residual organic material and then autoclaved. The aliquoted sample was then diluted
(1:10) with 90 mL Deionized (DI) water. Each diluted sample was then vacuum filtered through
a 25 mm Whatman Glass Fiber filter. The filtering apparatus was assembled and rinsed with 10
mL 1 N Hydrochloric acid (HCl) to remove all organic materials still present on filter, followed
by 100 mL DI water to rinse all residual acid from filter and filter apparatus. The filter was acid
washed to ensure that no organic material would still be present that might interfere with
chlorophyll extraction. The diluted diatom culture sample was then run through the filter
apparatus as 2.5 mbar to collect all diatom cells. Once dry, the filter was removed from the filter
apparatus and placed on 4 sheets of Kimwipes, folded and stored at -20ºC until further analysis.
Storing the filtered diatom cultures at -20ºC allowed for the internal cells to freeze and expand
causing stress to the silica shells, allowing for easier extraction of chlorophyll pigment.
Chlorophyll Extraction and Analysis: To extract chlorophyll a pigment, Whatman filters
were removed from the freezer and allowed to thaw for at least 10 min before being cut in half
with alcohol sterilized scissors. Filters were then folded and placed into sterile 1.5 mL
microcentrifuge tubes containing 1 mL Methanol. Chlorophyll extraction was carried out in a
dark room with two different methods: sonication (subject submerged filters for ultrasonic
vibration) and vortexing (mechanical shaking of submerged filters). These methods were used to
determine if differences in yield occurred between methods. The submerged Whatman filters in
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1.5 mL microcentrifuge tubes were placed in an ice bath and sonicated using a Fischer Scientific
Sonic Dismembrator Model 100 in five sessions each lasting two seconds at setting 4. The
submerged Whatman filters in microcentrifuge tubes were then removed using sterilized forceps
and sample tubes were centrifuged at 2500 rpm for 10 min. Immediately following
centrifugation, supernatant was removed to determine the chlorophyll concentration of the T.
pseudonana culture sample. The supernatant was then analyzed using a Thermo Scientific
Nanodrop 2000 Spectrophotometer to measure optical density on chlorophyll a at 663 nm. The
OD663 readings obtained reflect a ratio between the sample reading at 663 nm and the sterile
stock (Methanol) readings at 663 nm, which were blanked in-between samples to ensure
consistency and create a baseline for optical density readings. A total of five (5) samples (2 𝜇L
each) were measured, allowing for a sample mean to be calculated for each of the eight treatment
flasks for analysis. The chlorophyll a concentration of the T. pseudonana culture was calculated
for each sample using published extinction coefficients for Methanol solvent (12.51, Porra et al.,
1989).
DNA Sample Processing and Analysis: After 48 hours of incubation at one of eight
temperature treatments, aliquots of 1 mL were extracted from each of the ten replicated flasks.
Each 1 mL sample was aliquoted into sterile, autoclaved 1.5 mL microcentrifuge tubes. Each 1.5
mL microcentrifuge tube containing sample aliquot was stored in -20ºC freezer until extraction.
Each 1.5 mL microcentrifuge tube was centrifuged at 8,000 rpm for five minutes to form a cell
pellet. The supernatant was then discarded (~950 𝜇L) without disturbing the cell pellet at the
bottom of the 1.5 mL microcentrifuge tube. Each 1.5 mL microcentrifuge tube containing a cell
pellet was then filled with 180 𝜇L of Enzymatic Lysis Buffer. The 1.5 mL microcentrifuge tubes
were then incubated at 37ºC in a dry bath for 30 minutes. After 30-minute incubation at 37ºC, 25

18

𝜇L of Proteinase K was aliquoted into each 1.5 mL microcentrifuge tube followed by 200 𝜇L
aliquots of Buffer AL without Ethanol. Each 1.5 mL microcentrifuge tube was then incubated at
56ºC in a dry bath for 30-minutes. After a 30-minute incubation period at 56ºC, 200 𝜇L aliquots
of 100% Ethanol were added to each 1.5 mL microcentrifuge tube followed by ~5 seconds of
vortexing. The entire contents of each 1.5 mL microcentrifuge tube (~700 𝜇L) was aliquoted into
a silica column containing a 2 mL collection tube. The collection tubes were then centrifuged at
6,000 rpm for 1 minute. The silica column containing crude sample DNA was then transferred to
a new collection tube followed by the addition of 500 𝜇L Wash Buffer 1. Each 2 mL silica
column with collection tube was centrifuged at 12,000 rpm for one minute. The silica column
containing crude sample DNA was then transferred to a new collection tube followed by the
addition of 500 𝜇L Wash Buffer 2. Each 2 mL silica column with collection tube was centrifuged
at 12,000 rpm for two minutes. The silica column containing purified DNA sample was then
transferred to a sterile 1.5 mL microcentrifuge tube followed by aliquots of 200 𝜇L Elution
Buffer. The 1.5 mL microcentrifuge tubes were then centrifuged at 12,000 rpm for one minute.
The silica columns were discarded and the 1.5 mL microcentrifuge tubes containing eluded DNA
were capped and labeled. The eluted DNA was analyzed using a Thermo Scientific Nanodrop
2000 Spectrophotometer to measure optical density of DNA at the following wavelengths: 230
nm, 260 nm, and 280 nm. The optical density readings obtained reflect a ratio between the
sample reading at each OD wavelength (230 nm, 260 nm, and 280 nm) and the sterile stock
(Elution Buffer) readings at each wavelength (230 nm, 260 nm, and 280 nm), which were
blanked in-between samples to ensure consistency. A total of ten samples (2 𝜇L each) were
measured, allowing for a sample mean to be calculated for each of the eight treatment flasks for
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analysis. DNA concentration of each sample was calculated using the nucleic acid program on
the Thermo Scientific Nanodrop 2000 Spectrophotometer.
Data normality tests: The distribution indicators for turbidity and chlorophyll a were
normally distributed, while the distribution indicators for DNA concentration were not normally
distributed (Fig. 2.1).
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Figure 2.1: Distribution and normality indicators for experiment 1 T. pseudonana population
growth measures: (a) Turbidity distribution. (b) Chlorophyll a concentration distribution (c)
DNA concentration distribution. (d) Chlorophyll normality indicator. (e) DNA concentration
normality indicator. (f) Turbidity normality indicator.

Experiment II: Experimental design for gene expression by temperature
Independent variable: To test the effects of temperature on population growth and gene
expression, T. pseudonana cultures were standardized to 0.05 OD600 and incubated at four
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different temperatures: 14ºC (Control), 18ºC. 22ºC. and 26ºC. A more refined range of
temperatures were selected due to limited reagents for qPCR reactions.
Dependent variable: I used two methods to quantify population growth of T.
pseudonana: cell count and turbidity. These two measures along with the length of incubation
were used to calculate generation time and growth rate for each of the above population growth
measures. These calculations are only present in this experiment due to all replicate
measurements and incubations lengths differing by a maximum of +
−10 min.
Flask Replicates: I replicated the growth of T. pseudonana three times at each of the four
temperature treatments (temperature replicate). Five flasks were placed in the incubator: two in
front row (high light intensity) and three in the back row (low light intensity).
Samples: T. pseudonana was cultured at four temperatures as noted in the previous
section. Samples were aseptically removed from treatment group flasks with a Gibson P1000
micropipette and aliquoted into sterile 2.5 mL falcon tubes.
Experimental design: 4 temperatures x 3 temperature replicates x 5 flask replicates per
incubator x 4 measures of population growth x 5 samples per flask = 1,200 data units.

Experiment II: Processing samples for gene expression by temperature
Turbidity: Once all aliquots of T. pseudonana cultures were collected, they were analyzed
using a Thermo Scientific Spectronic 200 Spectrophotometer to measure growth via Optical
Density readings at 600 nm. The OD600 readings obtained reflect a ratio between the sample
reading at 600 nm and the sterile stock (f/2 media) reading at 600 nm, which were blanked inbetween samples to ensure consistency. Each sample (2 mL) was measured five times, allowing
for a sample mean to be calculated for each of the four treatment group flasks for analysis.
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Cell Count: T. pseudonana diatom density (see Methods, section Samples) samples were
aseptically removed from treatment group flasks with a Gibson P1000 micropipette and
aliquoted into sterile 2.5 mL falcon tubes. Cell counts were analyzed for each aliquot of T.
pseudonana culture using a microscope at 10X magnification. The hemocytometer slide was
cleaned with 70% ethanol and dried using a sterile wipe before pipetting on 10 ul of sample. Cell
counts were conducted by tallies from the four corner quadrants which were then averaged and
multiplied by the dilution factor (if applicable) and divided by four then multiplied by 10,000 to
yield number of cells per mL.
Growth Rate & Generation Time Calculation: The population growth rate and generation
time for T. pseudonana cultures were calculated using the below formulas for both turbidity and
cell count readings as follows:
𝑃𝑜𝑝 𝐺𝑟𝑜𝑤𝑡ℎ 𝑀𝑒𝑎𝑠𝑢𝑟𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑙

Growth Rate =

𝑙𝑛 ( 𝑃𝑜𝑝 𝐺𝑟𝑜𝑤𝑡ℎ 𝑀𝑒𝑎𝑠𝑢𝑟𝑒 𝐹𝑖𝑛𝑎𝑙 )

Generation Time =

𝐼𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒 (ℎ𝑟)
𝑙𝑛 (2)
𝐺𝑟𝑜𝑤𝑡ℎ 𝑅𝑎𝑡𝑒

Gene selection: A total of two (2) genes (Table 2.1) were selected for gene expression
analysis: rbcL (large subunit RuBisCo) and gapC3 (glyceraldehyde-3-phosphate
dehydrogenase). The long chain subunit of RuBisCo (rbcL) was selected because of its
importance in carbon fixation, changes in any expression of this gene could be an early sign of
changes in primary productivity. The glyceraldehyde-3-phosphate dehydrogenase (gapC3) gene
was selected because gapdh genes are the “gold standard” of housekeeping genes in a wide
variety of organisms. This gene has been documented as a stable gene for use as a reference in
diatoms (Adelfi et al., 2014).
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Table 2.1: Thalassiosira pseudonana photosystem and ribosomal genes (Oudot-Le Secq et al.,
2007).

Group namefunction
Photosystem I
Photosystem II
ATP Synthase

Genes
psaA, psaB, psaC, psaD, psaE, psaF, psaI, psaJ, psaL, psaM
psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbL,
psbN, psbT, psbV, psbX, psbY, psbZ, psb28
atpA, atpB, atpD, atpE, atpF, atpG, atpH, atpI

Metabolism
chlI, rbcL, rbcS, thiG, this, gapC3
Cytochrome
petA, petB, petD, petF, petG, petL (ycf7), petM (ycf31), petN (ycf6)
Complex
Ribosomal Proteins rps2, rps3, rps4, rps5, rps6, rps7, rps8, rps9, rps10, rps11, rps12, rps13,
Small Subunit
rps14, rps16, rps17, rps18, rps19, rps20
rpl1, rpl2, rpl3, rpl4, rpl5, rpl6, rpl11, rpl12, rpl13, rpl14, rpl16, rpl18,
Ribosomal Proteins
rpl19, rpl20, rpl21, rpl22, rpl23, rpl24, rpl27, rpl29, rpl31, rpl32, rpl33,
Large Subunit
rpl34, rpl35, rpl36

Primer Design: To determine the effect of temperature on photosynthetic processes in the
marine diatom, Thalassiosira pseudonana, I measured mRNA expression of the long chain
RuBisCO (rbcL) and glyceraldehyde-3-phosphate dehydrogenase (gapC3). I used mRNA
sequences of each target gene from the NCBI Gene Database (https://www.ncbi.nlm.nih.gov)
and uploaded to Primer3 (http://primer3.ut.ee). The original gene sequences and their source
along with the top primer pairs from Primer3 are listed in Table 2.2.
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Table 2.2: Thalassiosira pseudonana Primer Pairs for Target Genes.

Gene

Gene Size Direction

Sequence (5’ => 3’)

V100 PCR Product
uM

rbcL

1607

gapC3

1228

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

TGG ATG CGT ATG TCT GGT GT
TTG GTG CAT TTG ACC ACA GT
TGG ATG CGT ATG TCT GGT GT
AAC TAG CCC AAT CCA TTT CG
GTC TTC ACC ACC CAG GAG AA
GTG GTC ATG AGT GCC TCC TT
AAG GAG GCA CTC ATG ACC AC
GAC GGC AGT CAA GTC AAC AA

238
203
238
231
204
227
217
192

219
163
230
234

Stock Primer Preparation: Primer vials were resuspended to a stock solution of 100 uM
using predetermined volumes (Table 2.2) of 1 M Tris-EDTA Buffer obtained from manufacturer
(Eurofins). Working dilution aliquots were then made using 1:5 dilutions from prepared 100 uM
stocks. Working dilutions were then tested using the following reagents along with extracted T.
pseudonana DNA.
Primer testing: The target gene primers were tested using DNA extract from T.
pseudonana cultures that were from both experiment 1(Summer 2019) and experiment 2
(Summer 2020) culture samples. These primers were designed to replicate a segment of each
target gene in both mRNA and DNA. PCR reactions, once aliquoted with reagents and DNA
were placed in a Bio-Rad T100 thermocycler and run using the following parameters: (Tables
2.3 & 2.4).
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Table 2.3: PCR Master Mix. The asterisk “*” indicates the volume of water subject to change
based on DNA template added to reaction.
Reagent
2X PCR Mix
Forward Primer
Reverse Primer
Nuclease Free Water*
Total Volume:

1 Rx
25 uL
2 uL
2 uL
16 uL
45 uL

Table 2.4: rbcL and gapC3 PCR Parameters.
rbcL PCR Parameters
1 Cycle
95ºC 4 min
35 Cycles
95ºC 30 sec
55ºC 45 sec
72ºC 1 min
1 Cycle
72ºC 10 min

gapC3 PCR Parameters
1 Cycle
95ºC 4 min
35 Cycles
95ºC 30 sec
59ºC 45 sec
72ºC 1 min
1 Cycle
72ºC 10 min

PCR Visualization: PCR products were analyzed first using gel electrophoresis. PCR
samples (10 uL) were loaded into 2.5% agarose gel wells and run for 45 min @ 100V. Gels were
then visualized on a UV light box to determine whether PCR product was present. Ethidium
Bromide in the gels binds to any DNA present and fluoresce when exposed to UV light. PCR
reactions that are successful, clear fluorescent bands in the target bp range (Table 2.2) were
purified and sent out for sequencing. This ensured that the target gene primers were amplifying
the desired segment of the target genes.
PCR Product Purification and Sequencing: DNA Binding Buffer (100 uL) was added to
each PCR tube containing the remaining volume (45 uL) of PCR product and mixed by pipetting
up and down. The entire contents (~145 uL) were transferred to a silica column with a 2 mL
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collection tube and centrifuged at 14,000 x g for 1 minute. The flow through was discarded and
300 uL Wash Buffer 2 was added directly to the silica column and centrifuged at 14,000 x g for 1
minute. The flow through was discarded and 300 uL Wash Buffer 2 was added directly to the
silica column and centrifuged at 14,000 x g for 1 minute. The flow through was discarded and
the tube was centrifuged at 14,000 x g for 1 minute to dry the silica column. The collection tube
was discarded and replaced with a sterile 1.5 mL microcentrifuge tube. Nuclease free water (40
uL) was added directly to the silica column and centrifuged at 14,000 x g for 1 minute. The silica
column was discarded, and the remaining tube was capped and labeled. Each tube containing
purified PCR product was barcoded, tagged, and sent to Eurofins for sequencing in reference to
the rbcL and gapC3 forward primers. The resulting sequencing results were uploaded into
BLAST to determine the highest matching sequence.
RNA Extraction and Purification: Culture samples (125 mL) from treatment flasks were
vacuum filtered onto sterile 0.25 uM HA membrane filters (Millipore, Billerica, MA, USA).
Filters were then washed with 1.2 mL buffer RLT from the RNeasy kit (Qiagen) and vortexed
with sterile beads presoaked in 500 uL buffer RLT before transferring the lysate into a sterile 1.5
mL microcentrifuge tube (66). The resulting lysate was centrifuged for 4 minutes at 13,000 x g;
the lysate was transferred into a sterile 15 mL conical tube with an equal amount of 70% Ethanol
and mixed. Subsequent RNA preparation steps followed the manufacturer’s instructions
(Qiagen). The resulting mixture (700 uL) was transferred into an RNEasy mini spin column w/
collection tube. Spin columns were capped and centrifuged at 8,000 x g for 15 seconds before
discarding flow through. Buffer RPE (500 uL) of was then added to RNEasy spin columns, tubes
were capped and centrifuged at 8,000 x g for 2 minutes before discarding collection tube and
fitting mini spin column with a new one. Mini spin column was then centrifuged at 8,000 x g for
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1-minute before discarding collection tube and placing mini spin column into a sterile 1.5 mL
microcentrifuge tube. Sterile water (40 uL) was added to mini spin column before capping and
allowing to sit for 5 minutes prior to centrifuging at 8,000 x g for 1 minute. The eluted RNA was
then transferred back into the RNeasy spin column and allowed to sit for 5 minutes before
centrifuging at 8,000 x g for 1 minute. The mini spin column was discarded, and eluted RNA
was stored at -80ºC until further use.
RNA Quantification: Extracted RNA samples were quantified using a Thermofischer
Nanodrop 2000 to determine RNA concentration. Samples (2 uL) were taken from each
extracted RNA tube and analyzed using the Nucleic Acid program in reference to blank samples
containing 2 uL sterile water. Blank samples were run to establish a baseline. Blank samples
were run immediately after RNA samples. RNA concentration is calculated as a mean consisting
of five sample readings.
Removal of genomic DNA (gDNA) from RNA extract: Samples of Extracted RNA (8 uL)
were aliquoted into sterile 0.2 mL microcentrifuge tubes (Table 2.5). The tube containing the
reagents was incubated at 37ºC for 30 minutes. Immediately following incubation, 1 ul of 50 mM
EDTA was added to each reaction tube and incubated at 65ºC for 10 minutes. Following
incubation, the samples were stored at -20ºC until cDNA synthesis.

Table 2.5: DNase Reaction Mix.
Component
RNA template
10X Reaction Buffer w/ MgCl2
DNase I, RNase-free
Nuclease Free Water

Amount
8 uL
1 uL
1 uL
to 10 ul
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cDNA Synthesis: cDNA was synthesized by mixing ingredients into a sterile 0.2 mL
microcentrifuge tube (Table 2.6). Each component was vortexed and centrifuged at 8,000 x g for
15 seconds before use. The tubes containing the reagents (Table 2.6) were incubated at 65ºC for
5 minutes to allow the Oligo (dT)12-18 primers to anneal to the mRNA within the RNA sample.
Immediately following incubation, the sample was placed on ice for at least 1 minute. The
contents of the tube were then collected by centrifugation at 8,000 x g for 15 seconds. The cDNA
synthesis mix was then prepared using reagents (Table 2.7). The contents were gently mixed by
pipetting then incubated at 37ºC for 2 minutes. Following incubation, 1 uL of M-MLV Reverse
Transcriptase was added to the tube and mixed by pipetting up and down. The tube was then
incubated at 37ºC for 50 minutes followed by an incubation at 70ºC for 15 minutes to inactivate
the reverse transcriptase.

Table 2.6: cDNA Synthesis Mix Part A.
Component
RNA template
(50 uM) Oligo (dT)12-18
10 mM dNTP Mix
Nuclease Free Water

Amount
5 uL
1 uL
1 uL
to 8 uL

Table 2.7: cDNA Synthesis Mix Part B.
Component
5X First Strand Buffer
0.1 M DTT
RNaseOUT
Nuclease Free Water

Amount
4 uL
2 uL
1 uL
to 19 uL
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cDNA PCR Analysis: Synthesized cDNA was tested using PCR to confirm presence of
target product. Several parameters (Table 2.4) were used to test cDNA presence. PCR reactions
were visualized on 1.5% agarose gels under UV lights to estimate product length.
qPCR Preparation: To quantify the effect of temperature on photosynthetic processes in
the marine diatom, Thalassiosira pseudonana, I completed an exploratory qPCR reaction at
Morphogenesis Inc using both purified cDNA PCR product as well as sample cDNA (Table 2.8).
Resulting amplification curves and melt curve data were analyzed using QuantStudio software to
determine cycle thresholds and number of melting curve peaks. Acceptable cycle thresholds fall
within the range of >25 to <30. A single melt curve for each primer set ensures proper and
specific target amplification.
qPCR Master Mix: The Master Mix microcentrifuge tubes were vortexed 20 seconds
before being pipetted into 384-well plates. A sample (9 ul) of the Master Mix was aliquoted into
six wells for each cDNA sample. Samples of cDNA (1 ul) were then added to each well and
mixed by pipetting up and down. Completed qPCR plates were sealed with optical film, wrapped
in aluminum foil and stored at 4ºC until delivery to Morphogenesis Inc. Before loading, the
plates were centrifuged at 7,500 x g for 2 minutes to remove excess bubbles in wells and run
using several parameters (Tables 2.8 & 2.9).
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Table 2.8 rbcL and gapC3 Primer PCR Parameters.
gapC3 & rbcL PCR Parameters
Stage #1 – 1 Cycle
95ºC 4 min
Stage #2 – 39 Cycles
95ºC 30 sec
58ºC 45 sec
72ºC 1 min
Stage #3 – 1 Cycle
72ºC 10 min
Table 2.9: qPCR Master Mix.
Component
Qiagen SYBR Green ROX
Master Mix
Forward Primer (10 uM)
Reverse Primer (10 uM)
Nuclease Free Water

Amount
35 uL
3.5 uL
3.5 uL
28 uL

Primer Efficiency: Preliminary reactions using purified cDNA PCR to determine primer
efficiency. These reactions consisted of four (4) ten-fold dilutions and the corresponding cycle
threshold values to determine individual primer efficiency. qPCR reactions with clear, single
melt curve peaks were used for calculation of primer efficiency (Table 2.10).
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Table 2.10 gapC3 & rbcL Primer Efficiency. Note: The samples are represented as the dilutions
that were used in each qPCR sample, which is a mean of the seven technical replicates. The CT
values refer to the cycle threshold value, which is a mean of the seven technical replicates for
−1

each diluted sample [Efficiency (% ) = (10𝑠𝑙𝑜𝑝𝑒 − 1) 𝑥 100].

Sample
gapE-3
gapE-4
gapE-5
gapE-6

CT Mean
9.119
13.725
17.870
22.201

Log Sample Quantity
-3
-4
-5
-6

rbcLE-3
rbcLE-4
rbcLE-5
rbcLE-6

11.519
15.262
19.000
23.076

-3
-4
-5
-6

Primer Efficiency

70.01%

82.12%

Treatment Group Sample Preparation: All treatment group T. pseudonana cDNA
samples used for rbcL and gapC3 mRNA expression quantification were diluted to 1 ng/ul prior
to qPCR prep and run in three 384-well plates with six technical replicates per cDNA sample.
Data Analysis and Variables: All data and graphical representations were generated using
the program R (Version 3.4.3 “Kite Eating Tree”). Distributions and normality tests for each
quantitative dependent variable were completed to determine the use of parametric tests (t-test,
ANOVA) or non-parametric tests (Shapiro-Wilk test; Wilcoxon Kruskal-Wallis). The
distribution and normality indicators for turbidity and chlorophyll a concentration was normally
distributed (see Fig. 2.1a-f). The distribution and normality indicator for DNA concentration
were skewed (see Fig. 2.1g & h). Dependent variables, independent variables, and confounding
variables are listed (Table 2.11). All data are available in Excel upon request.
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Table 2.11: Study variables. The asterisk “*” indicates a pilot study conducted with only two
flasks at two temperatures (18ºC and 22ºC).

Dependent response
Variables

Independent Variable Confounding Variables

1

Chlorophyll a Concentration Temperature

2

Chlorophyll a Concentration Temperature

3

Chlorophyll a Concentration Temperature

4*

Chlorophyll a Concentration Temperature

5

DNA Concentration

Temperature

6

DNA Concentration

Temperature

7*

DNA Concentration

Temperature

8

Turbidity

Temperature

9

Turbidity

Temperature

10*

Turbidity

Temperature

Temperature Replicate
Chlorophyll Extraction
Method
Temperature Replicate
Flask Replicate
Temperature Replicate
Incubator Shelf
Nutrient Concentration
Temperature Replicate
Flask Replicate
Temperature Replicate
Incubator Shelf
Nutrient Concentration
Temperature Replicate
Flask Replicate
Temperature Replicate
Incubator Shelf
Nutrient Concentration

Tests of Extraction Methods and Replicates: In a pilot study to determine whether a
correlation exists between nanodrop and spectrophotometer turbidity (optical density), I found
that the nanodrop optical density was a significant predictor of the spectrophotometer optical
density, explaining roughly 39% of the variation in population growth of T. pseudonana (Fig.
2.2a: Correlation: R = 0.6871, t48 = 6.5525, p < 0.001).
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Figure 2.2: Population growth of the marine diatom, T. pseudonana measured as turbidity
(OD600), was tested using two methods: (a) nanodrop turbidity (optical density) and
spectrophotometer turbidity (optical density), (b) spectrophotometer turbidity and flask replicate,
(c) nanodrop turbidity and flask replicate. Note: Change in turbidity is the difference between
initial and final turbidity (OD600) readings. The spectrophotometer graph (2b) shows a smaller
range of means in comparison to the nanodrop graph (2c), which reinforced a decision to use the
spectrophotometer to measure turbidity in experiment 2.

I completed two methods (vortex and sonication) for measuring population growth of the
marine diatom, T. pseudonana as the concentration of chlorophyll a. I found that chlorophyll a
did not differ by extraction method (Fig. 2.3a; T-test; t-ratio = 0.6279, p-value = 0.5301).
Moreover, the concentration of chlorophyll a in the population of T. pseudonana did not differ
by the location of samples on the shelves of the incubator (Fig. 2.3b; T-test; t-ratio = -0.4999, pvalue = 0.6176), neither did turbidity (Fig. 2.3c; T-test; t-ratio = 0.4830, p-value = 0.6296) nor
did DNA concentration (Fig. 2.3d; Wilcoxon Kruskal Wallis; Chi-Square = 0.6379, p-value =
0.4245). Nutrient concentration did not differ significantly by chlorophyll a concentration (Fig.
2.3e; T-test; t-ratio = 0.2137, p-value = 0.8333), neither did turbidity (Fig. 2.3f; T-test; t-ratio = -
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0.8878, p-value = 0.3879) nor did DNA concentration (Fig. 2.3g; Wilcoxon Kruskal Wallis; Chi-
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Square = 0.3222, p-value = 0.5703).
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Figure 2.3: Comparing extraction and sampling methods, incubator shelf, and nutrient
concentration: (a) Chlorophyll a extraction by sonication and vortex method, (b) Chlorophyll a
concentration by incubator shelf, (c) chlorophyll a concentration by nutrient concentration, (d)
DNA concentration by incubator shelf, (e) DNA concentration by nutrient concentration, (f)
turbidity by incubator shelf, (g) turbidity by nutrient concentration. Note: Change in turbidity is
the difference between initial and final turbidity (OD600) readings.

The distribution and normality indicators for turbidity and cell count were normally
distributed (Fig. 2.4). All data are available in Excel upon request.
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Figure 2.4: Distribution plots for population growth measures: (a) turbidity, (b) cell count.
Normality plots for population growth measures: (c) turbidity, (d) cell count. Note: Change in
turbidity is the difference between initial and final turbidity (OD 600) readings.

Population growth of T. pseudonana at different temperatures was analyzed using a
multi-factor model to account for variation by confounding variables (Table 2.12).
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Table 2.12: R Model Parameters.
Model
mod2.ODD
mod2.GROD
mod2.GTOD
mod2.CCD
mod2.GRCC
mod2.GTCC
cm2.ODD
cm2.GROD
cm2.GTOD
cm2.CCD
cm2.GRCC
cm2.GTCC

Dependent Response
Variable
Turbidity

Independent Variable Confounding Variable(s)
Temperature

Temperature Replicate
Flask Replicate
Growth Rate
Temperature
Temperature
Turbidity
Flask Replicate
Generation Time
Temperature
Temperature Replicate
Turbidity
Flask Replicate
Cell Count
Temperature
Temperature Replicate
Flask Replicate
Growth Rate
Temperature
Temperature
Cell Count
Flask Replicate
Generation Time
Temperature
Temperature
Cell Count
Flask Replicate
Turbidity
Predicted Turbidity
Growth Rate Turbidity Predicted Growth Rate Turbidity
Generation Time
Predicted Generation
Turbidity
Time Turbidity
Cell Count
Predicted Cell Count
Growth Rate
Predicted Growth Rate Cell Count
Cell Count
Generation Time
Predicted Generation
Cell Count
Time
Cell Count

This study had challenges. I had access to a single incubator for temperature treatment
groups. Thus, temperature replicates were conducted one-at-a-time instead of in tandem. This
meant that variation between incubator shelf, temperature replicate, flask replicate, and
chlorophyll extraction method had to be analyzed as confounding variables in our analysis of
temperature impact on the population growth of diatoms.
As measures of population growth, turbidity and the concentration of chlorophyll a were
not significantly correlated. This could be due to the fact that turbidity is an indirect measure of
cell density while chlorophyll a is an indirect measure of chlorophyll concentration. These two
measures do not always follow a similar pattern. Chlorophyll production is regulated by
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expression of proteins required for its biosynthesis and expression of these proteins can be
regulated in response to changes in environmental conditions. In my opinion, turbidity is the
most accurate measure of population growth because of its low variability in comparison to the
other population growth measures and the larger sample size used in its determination in
reference to the other population growth measures.
Another source of potential variance was the inability to collect inoculate culture for each
flask from the same source culture. In order to reduce the amount of variance introduced from
this, all stock culture inoculate was diluted to 0.05 OD600 and turbidity differences were
calculated to lessen replicate variation. The introduced variance from these confounding
variables was accounted for within the multifactor ANOVA models generated for each
population growth measure as well as one-way ANOVA analysis in the case of chlorophyll
extraction method and incubator shelf location. For each population growth measure (chlorophyll
a concentration, DNA concentration, turbidity) temperature accounted for (82.19%, 93.51%, and
69.02%) of observed variation, temperature replicate accounted for (12.03%, 2.48%, and
28.81%), and flask replicate accounted for (5.78%, 4.02%, and 2.17%) of observed variation
respectively.
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CHAPTER 3: RESULTS

In this section, I present my findings on the impact of temperature on population growth,
generation time and gene expression for a carbon fixation protein in the marine diatom T.
pseudonana.
Experiment 1: Population Growth (Nanodrop)
The chlorophyll a concentration of T. pseudonana differed significantly by temperature (Fig.
3.1a; ANOVA: F7,232 = 28.1622; p = <0.0001) and by temperature replicate (Fig. 3.1b; ANOVA:
F2,238 = 14.4235; p = <0.0001). The chlorophyll a concentration of T. pseudonana did not differ
significantly by flask replicate (Fig. 3.1c; ANOVA: F9,230 = 1.5417; p = 0.1346). The DNA
concentration of T. pseudonana differed significantly by temperature (Fig. 3.1d; ANOVA: F7,232
= 22.4758; p = <0.0001) but not temperature replicate (Fig. 3.1e; ANOVA: F2,238 = 2.0848; p =
0.1268), or by flask replicate (Fig. 3.1f; ANOVA: F9,230 = 0.7508; p = 0.6620). The turbidity of
T. pseudonana differed significantly by temperature (Fig. 3.1g; ANOVA: F7,232 = 19.0864; p =
<0.0001) and by temperature replicate (Fig. 3.1h; ANOVA: F2,238 = 27.8818; p = <0.0001), but
not by flask replicate (Fig. 3.1i; ANOVA: F9,230 = 0.4665; p = 0.8960).
In total, over a temperature range of 14º – 26º C, chlorophyll a increased approximately
70%. The DNA concentration was stable from 14º to 20º C and then declined over 50% from 20º
to 28º C. Turbidity increased approximately 50% with a plateau at 18º – 20º C.
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Figure 3.1: Experiment 1 T. pseudonana Population Growth: (a) Population growth measured as
chlorophyll a concentration by temperature, (b) Population growth measured as chlorophyll a
concentration by temperature replicate, (c) Population growth measured as chlorophyll a
concentration by flask replicate, (d) Population growth measured as DNA concentration by
temperature, (e) Population growth measured as DNA concentration by temperature replicate, (f)
Population growth measured as DNA concentration by flask replicate, (g) Population growth
measured as turbidity by temperature, (h) Population growth measured as turbidity by
temperature replicate, (i) Population growth measured as turbidity by flask replicate. Note:
Change in turbidity is the difference between initial and final turbidity (OD 600) readings.

Experiment II: Population Growth (Spectrophotometer & Cell Count)
Turbidity (optical density) of T. pseudonana cultures differed significantly by temperature (Fig.
3.2a; ANOVA: F3,56 = 25.2693; p = <0.0001), and by light intensity (Fig. 3.2b; ANOVA: F1,58 =
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29.6257; p = <0.0001), but not by temperature replicate (Fig. 3.2c; ANOVA: F2,57 = 0.0520; p =
0.8204), or by flask replicate (Fig. 3.2d; ANOVA: F4,55 = 0.0412; p = 0.8400). The growth rate of
T. pseudonana culture differed significantly by temperature (Fig. 3.2e; ANOVA: F3,56 = 27.7374;
p = <0.0001), and by light intensity (Fig. 3.2f; ANOVA: F1,58 = 17.6021; p = 0.0001), but not by
temperature replicate (Fig. 3.2g; ANOVA: F2,57 = 0.0441; p = 0.8344), or by flask replicate (Fig.
3.2h; ANOVA: F4,55 = 0.3220; p = 0.5727). The generation time of T. pseudonana culture
differed significantly by temperature (Fig. 3.2i; ANOVA: F3,56 = 26.9727; p = <0.0001), and by
light intensity (Fig. 3.2j: ANOVA: F1,58 = 13.5486; p = 0.0005), but not by temperature replicate
(Fig. 3.2k; ANOVA: F2,57 = 0.0476, p = 0.8282), or by flask replicate (Fig. 3.2l; ANOVA: F4,55 =
0.3856, p = 0.5372). In total, turbidity increased 30% from 14ºC to 22ºC, followed by a 5%
decrease from 22ºC to 26ºC. In contrast, although it was not significant, population growth
measured as cell count increased 18% from 14ºC to 18ºC, followed by a 6% decreased from
18ºC to 22ºC, followed by a 6% increase from 22ºC to 24C.
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Figure 3.2: Experiment 2 T. pseudonana population growth (turbidity): (a) Population growth
measured as turbidity by temperature, (b) Population growth measured as turbidity by light
intensity, (c) Population growth measured as turbidity by temperature replicate, (d) Population
growth measured as turbidity by flask replicate, (e) Population growth measured as growth rate
by temperature, (f) Population growth measured as growth rate by light intensity, (g) Population
growth measured as growth rate by temperature replicate, (h) Population growth measured as
growth rate by flask replicate, (i) Population growth measured as generation time by
temperature, (j) Population growth measured as generation time by light intensity, (k) Population
growth measured as generation time by temperature replicate, (l) Population growth measured as
generation time by flask replicate. Note: Change in turbidity is the difference between initial and
final turbidity (OD600) readings.

The cell count of T. pseudonana culture differed significantly by light intensity (Fig.
3.3b; ANOVA: F1,58 = 23.7695; p = <0.0001), but did not differ significantly by temperature
(Fig. 3.3a; ANOVA: F3,56 = 3.6609; p = 0.0609), by flask replicate (Fig. 3.3d; ANOVA: F4,55 =
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3.7625; p = 0.0576), or by temperature replicate (Fig. 3.3c; ANOVA: F2,57 = 1.5388; p = 0.2201).
The growth rate of T. pseudonana culture differed significantly by temperature (Fig. 3.3e;
ANOVA: F3,56 = 11.9353; p = 0.0011), and by light intensity (Fig. 3.3f; ANOVA: F1,58 =
20.5707; p = <0.0001), but did not differ significantly by temperature replicate (Fig. 3.3g;
ANOVA: F2,57 = 2.6211; p = 0.1112), or by flask replicate (Fig 3.3h; ANOVA: F4,55 = 0.2350; p
= 0.6297). The generation time of T. pseudonana culture differed significantly by temperature
(Fig. 3.3i; ANOVA: F3,56 = 10.0184; p = 0.0025), and by light intensity (Fig. 3.3j; ANOVA: F1,58
= 19.0845; p = <0.0001), but did not differ significantly by temperature replicate (Fig. 3.3k;
ANOVA: F2,57 = 1.1274; p = 0.2930), or by flask replicate (Fig. 3.3l; ANOVA: F4,55 = 0.8235; p
= 0.3681). I found that the average cell count across temperatures ranging from 14oC to 26oC
increased 17%. However, the increase was not significant because of high variability in the cell
counts among replicates within each temperature. This high level of variability between flask
replicates was most likely caused by the position of the flasks (light intensity) in the incubator
during treatment group exposure. The growth rate and generation time were calculated using cell
count totals, the high variability present in the cell count flask replicates permeates into these
calculated values as well.
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Figure 3.3: Experiment 2 T. pseudonana population growth (cell count): (a) Population growth
measured as cell count by temperature, (b) Population growth measured as cell count by light
intensity, (c) Population growth measured as cell count by temperature replicate, (d) Population
growth measured as cell count by flask replicate, (e) Population growth measured as growth rate
by temperature, (f) Population growth measured as growth rate by light intensity, (g) Population
growth measured as growth rate by temperature replicate, (h) Population growth measured as
growth rate by flask replicate, (i) Population growth measured as generation time by
temperature, (j) Population growth measured as generation time by light intensity, (k) Population
growth measured as generation time by temperature replicate, (l) Population growth measured as
generation time by flask replicate. Note: Change in cell count is the difference between initial
and final cell counts.

Correlation of Population Growth Measures
Turbidity was not correlated with the concentration of chlorophyll a (Fig. 3.4a; Correlation, R =
0.062, p = 0.3388). Turbidity was significantly correlated with the concentration of DNA (Fig.
3.4b; Correlation, R = 0.2423, p = <0.001). The concentration of chlorophyll a was significantly
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correlated with the concentration of DNA (Fig. 3.4c; Correlation, R = -0.2827, p = <0.001).
Turbidity was correlated with cell count (Fig. 3.4d, R = 0.499, p = <.001).
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Figure 3.4: Correlation of T. pseudonana population growth measures: (a) Turbidity and
Chlorophyll a concentration, (b) Turbidity and DNA Concentration, (c) Chlorophyll a
Concentration and DNA Concentration, (d) turbidity and cell count. Note: Change in turbidity is
the difference between initial and final turbidity (OD600) readings.

Experiment II: Impact of temperature on carbon fixation
Across temperatures ranging from 14ºC to 26ºC, the gene expression ratios for the carbon
fixation gene relative to the housekeeping gene, rbcL:gapC3, increased 350% from 0.53 to 1.89
(Fig. 3.5).
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Figure 3.5 T. pseudonana gene expression and population growth measures versus temperature:
(a) gene expression ratio for rbcL (target gene) relative to gapC3 (housekeeping gene) and
turbidity versus temperature, (b) population growth measured as chlorophyll a concentration by
temperature, (c) population growth measure as turbidity by temperature, (d) population growth
measure as cell count by temperature, (e) population growth measure as growth rate (turbidity)
by temperature, (f) population growth measure as growth rate (cell count) by temperature, (g)
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population growth measure as generation time (turbidity) by temperature, and (h) population
growth measure as generation time (cell count) by temperature. Note: Change in turbidity is the
difference between initial and final turbidity (OD600) readings. Change in cell count is the
difference between initial and final cell count readings.
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CHAPTER 4: DISCUSSION

In this experimental study, I show that moderate increases in temperature and light intensity had
a positive impact on population growth and carbon fixation in the marine diatom T. pseudonana.
Across temperatures ranging from 14ºC to 26ºC, population growth increased 25%, gene
expression for the carbon fixation increased 355%. Populations of T. pseudonana increased from
14ºC to 20ºC, and then plateaued or declined slightly from 20% to 26% depending on the
measure of population growth. Slight differences in population growth rates based on turbidity,
chlorophyll a, or DNA concentration suggest that T. pseudonana has a toolbox of responses to
changes in temperature, allowing this diatom to thrive under environmental changes without a
population crash. T. pseudonana cultured in flasks positioned at higher light intensity were able
to grow more rapidly. T. pseudonana cultured in flasks positioned at lower light intensity were
also able to grow, just not as quickly.
The impact of temperature on marine primary producers is an ongoing debate with
polarizing arguments (Eppley 1972). My experimental study confirms the hypothesis that
diatoms are capable of adjusting to modest temperature increases even though they fail to adapt
to heat shock treatments (Goldman & Carpenter 1974, Suzuki & Takahashi 1995) and supports
studies of population growth in T. pseudonana at cultures from 12ºC to 18ºC (Wu et. al 2012).
This experimental study also supports field observations that biomass production and
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photosynthetic carbon fixation of phytoplankton in the South China Sea increased during a 3ºC
increase in sea water temperature (Gao’s 2017).
On the other hand, some researchers posit that temperature increases will not affect
marine productivity. These opinions are rooted in the idea that temperature is not a controlling
factor in phytoplankton growth or productivity because competition, specialized environmental
niches, and the fact that diatoms do not approach their upper growth limit allow multiple species
of diatoms to coexist (Goldman and Carpenter 1974). Goldman and Carpenter found that
temperature changes drove algal growth by altering species composition. Two species of diatoms
could have the same temperature range, yet separate optimum growth temperatures. I show that
increased carbon fixation with higher light intensity supported previous studies (Marra 1978;
Keren et al. 1997).
Other studies show that photosynthetic carbon fixation and biomass decreased with an
increase in sea surface temperatures (Behrenfeld et al., 2006, Van De Poll et al., 2013, Gao, Xia,
Yu & Zeng 2018). This decrease could be attributed to strengthened temperature stratification
between water layers, resulting in decreased nutrient exchange. As temperature continues to
increase, the weakened stratification between warmer and cooler water layers could result in less
upwelling, resulting in a failure to supply nutrients to the warmer nutrient depleted waters.
In nature, diatoms do not exhibit optimal growth rates, due to competition between
several species, nutrient availability, light intensity, and environmental variability (Eppley 1972,
Grover 1988). Competition has been shown to lead to fewer resources available to each species
and forces niche optimization to decrease resource competition. Eppley investigated temperature
growth for over 130 diatom species to determine whether optimal growth rate was achieved at
various temperatures. Eppley and others asserted that there is a contradictory paradigm involving
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temperature’s role in growth rate (Grover 1988, Montagnes & Franklin 2001, Berges et al.,
2002). My experimental study supports the claim that temperature plays a role in regulating
growth rate. Proponents of the dissenting argument maintain that other factors are responsible for
this regulation such as seasonal fluctuations (Montagnes & Franklin 2018)
Cell size has been shown to be a critical factor along with temperature in regulating cell
division, light harvesting, nutrient uptake, growth rate, and predator avoidance (Furnas 1978,
Svensson 2014). Studies have shown that as temperature increases cell size of microalgae
decrease (Margalef 1954, Jergensen 1968, Watras 1982). Svensson (2014) asserts that this trend
may be observed because smaller cell sizes are able to turnover faster, a pattern that was
observed in this experiment as generation time decreased for both T. pseudonana population
growth measures from 14ºC to 26ºC. A decrease in cell size could explain the small decrease in
turbidity from 22ºC to 26ºC, despite an increase in cell count for that temperature range.
Rubisco activase is crucial to the light activation of RuBisCo. A loss of its functionality
results in decreased carbon fixation potential (Crafts-Bradner & Salvucci 2000). I show that the
expression of RuBisCo (rbcL) increased steadily as temperature increased from 14ºC to 26ºC. In
plants, temperature increases between 30ºC and 35ºC inhibited Rubisco activase, resulting in an
increase of RuBisCo expression (Feller et al., 1998). In another study, RuBisCo expression
levels were resilient up to a 6ºC increase in temperature 26ºC to 32ºC (Doo et al., 2012).
However, with an 8ºC increase in temperature 26ºC to 34ºC, over a 5-hour exposure, RuBisCo
expression levels decreased. When T. pseudonana was exposed to temperature levels from 10ºC,
to 30ºC and copper levels from 200 𝜇g/L to 1000 𝜇g/L for 96-hours, heat shock proteins were
highly expressed at 30ºC and 100 𝜇g/L Cu (Leung et al., 2017). A search on the NCBI database
yielded an isolated gene sequence for rubisco activase in Chlamydomonas reinhartii and several
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other diatoms species (Merchant 2007), allowing for the possibility that rubisco activase could
function similarly in diatoms as has been observed in plants.
In summary, from 14ºC to 22ºC, population growth measured as turbidity in T.
pseudonana increased 30% before declining by 5% from 24ºC to 26ºC. In contrast, carbon
fixation measured at rbcL expression continued to increase to 26ºC. This continued increase in
rbcL expression by T. pseudonana might be a response to heat stress to counteract potential
inactivation of existing enzymes caused by inhibition of Rubisco activase (Crafts-Bradner &
Salvucci 2000). The goal of future research would use qPCR to determine whether climate
change factors (temperature, pH, CO2 concentration, and light intensity) either individually or
collectively affect gene expression. Results from qPCR technology would provide insight into
what genes are being affected directly by changes in temperature. This insight would inform us
on the diatom’s ability to adapt to temperature change, whether by modulating gene expression
of photosynthesis genes or regulation of proteins.
In summary, diatoms are crucial to some of the most important ecological processes such
as production of carbohydrates and oxygen via photosynthesis, sequestration of atmospheric
carbon dioxide, ecological foundation of coastal ecosystems that support both biodiversity
hotspots and economically valuable fisheries. Understanding how climate change affects these
organisms can help better inform future conservation goals, ensuring that we don’t lose what is
important to us and the planet we call home.
In this study, I show that T. pseudonana experienced an initial increase in growth from
14ºC to 22ºC, followed by a gradual decline in growth from 22ºC to 26ºC. In contrast, rbcL
expression increased in a linear fashion. This increase in rbcL expression could be caused by
increased Rubisco activase activity, which inhibits the productive potential of Rubisco, thus
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lowering carbon fixation and overall metabolic potential. Or, the increase in rbcL production
with temperature could be the result of T. pseudonana attempting to recover lost metabolic
function by increasing the number of active Rubisco enzymes. I conclude that T. pseudonana is
capable of surviving within a flexible range of temperatures and will likely coexist with other
diatom species as temperatures rise (Xue et al., 2018).
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CHAPTER FIVE: FUTURE RESEARCH

Future research into the impact of temperature and other factors of climate change on diatom
population growth and primary productivity is necessary to expand on this study. Research into
climate change has yielded two main factors: temperature and CO2 concentration. Research into
how these factors affect the environment around primary producers, specifically diatoms is
necessary to understand how current and future changes will affect them. This study focused on
the sole effect of temperature; however, future research needs to focus on the individual effects
of temperature, pH, CO2 concentration, and light intensity as well as the combined effects of all
factors. Increased levels of CO2 and other greenhouse gases such as water vapor and methane
(CH3) produce a warming effect, causing global temperatures to rise (Letcher 2019). The
increased levels of these greenhouse gases are thought to primarily be caused by anthropogenic
causes: burning of fossil fuels and cattle farming. Increases in these greenhouse gases,
specifically CO2 are ultimately dissolved into the world’s oceans, which acts as a carbon sink.
The ocean sequestering this carbon leads to an increase in bicarbonate and hydrogen ions, thus
making oceans more acidic. This acidic environment upsets the delicate balance of marine
organisms. These drastic changes are important to understand and to study to better inform how
to mitigate and potentially counteract to ensure balance remains.
Further research needs to focus on how temperature impacts population growth and what
the genetic controls are. Preliminary research would highlight any qualitative changes in gene
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expression in diatom culture samples exposed to temperature treatment groups. Qualitative gene
expression levels can be tested using mRNA expression levels and would focus on simply
determining if any changes, whether an increase or decrease occurred in comparison to a control
culture. All genes within the nuclear and chloroplast genomes can be analyzed in preliminary
analysis of changes in gene expression. The control culture would be exposed to 14ºC, the
temperature that T. pseudonana CCMP 1335 has been maintained at since its collection.
Further qualitative gene expression analysis would determine which genes could be used
to design primer sequences for quantitative PCR analysis. Only genes with changes in expression
levels between control and treatment groups should be considered for further analysis, with the
exception of two housekeeping genes (one for nuclear genome and one for chloroplast genomes).
Housekeeping genes can be tested to ensure expression levels would not differ between all
temperature treatment groups. Forward and reverse primer sequences can be generated using
BLASTp and the gene sequences for T. pseudonana CCMP 1335. Primer sequences could then
be tested using PCR and extracted DNA samples from T. pseudonana to ensure the correct
product size. Quantitative PCR primers can be designed to yield products between 150 – 250
basepairs (bp).
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